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Abstract
This study proposes a simple paste-based synthesismethod for 3Dprinting (3DP) ofmetallicmaterials
utilizing amodified polymeric printer (MPP), which comprised a three-step approach toward
realizing the final product: (i) generation of a paste containing themetal precursors and the organic
binders necessary to achieve the adequate viscosity; (ii) layer-by-layer deposition of the paste based on
a computer-aided design file; and (iii) a post-processing step aimed at removing the sacrificial organic
media and sintering themetallic particles. Two different binder formulations comprising a semi-solid
saturated hydrocarbon paraffin or an alcohol-water-thickening agent based gel were tested as the fluid
media, inwhich themetallic powders (Ti-6Al-4V orNi andTi)were dispersed. The decomposition
behavior of the pastes was studied and comparedwith commercialmetal infused polymerfilaments.
The gel binderwas deemed as themost effectivemedium given its ability to evaporate cleanlywithout
altering the sample composition or leaving behind unwanted residual by-products.Metal
microparticles were found to provide adequate viscosity as compared to nanoparticles, which behaved
as shear thinning agents in the gel basedmedium.Upon identification of the best-suitedmetal powder
sizes and binder formulations, the 3Dprinted samples were thermally processed and characterized.
1. Introduction
In recent years, the field of additivemanufacturing (AM) has gained significant attention in both the academic as
well as the industrial sectors. AMbasedmetallicmaterials including titanium (Ti) [1–3], aluminum (Al) [4–6],
nickel (Ni) [7, 8] aswell as stainless steels [9, 10] have been exploredwidely, for a variety of engineering
applications. Emphasis has been put on the production of complex shapes such as hollow, lattice-like or truss-
based structures with potential use inmedical and space systems [11]. As compared to subtractive
manufacturing, AMprocesses only utilize the necessary amount ofmaterials for part fabrication, which can
reduce the cost and time associatedwith the overall production. The essence of AM lies in depositingmaterials
layer-by-layer based on a computer-aided design (CAD), also known as three-dimensional printing (3DP). The
advantages of 3DP include the ability of producing versatile geometries with high precisionwith efficient use of
materials, design flexibility, and customizability andwithout the need for complex tools [12].
Differentmanufacturingmethods currently exist formetal production including casting and powder
metallurgy (PM). Casting involvesmelting ofmaterials at high temperatures that get deposited into a desired
mold shape and then are allowed to solidify. However, the casted parts could present irregularities transferred
from the imperfections in themold, and require surface post-processing [11]. PM, on the other hand
encompasses techniques that allow for the synthesis of consolidated parts frommetallic powders. PMprocesses
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metal powders are compressed into desired shapes followed by sintering and annealing in order to gain the
required density and porosity. Among powder-based AMmethods, themost common are selective lasermelting
(SLM), selective laser sintering (SLS), and electron beammelting (EBM) [13]. Powders are utilized as the raw
material and a laser or an electron beam is used tomelt the powder layers selectively based on the slicedCAD
information [14]. Thesemethods hold significant promise for producingmetal alloys but one of the drawbacks
associatedwith the aforementioned processes is their high production costs since themachines used for these
techniques generally require high energy and protected atmospheres [15, 16].Moreover, thesemethods require
thermal post-processing steps to reduce porosity and control the finalmicrostructure, whichmay have
significant impact on themechanical properties of thefinal product. Conventional PMmethods such asmetal
injectionmolding (MIM) can be appealing in terms of affordability and ease of operation; however these
methods can impose limitations on the attainable specimen geometry and also require thermal post-processing.
More recently solvent-cast 3Dprinting (SC-3DP) has gained popularity as an alternative approach for AM-
based synthesis ofmetallicmaterials [17, 18]. The essence of the SC-3DPmethod lies in the deposition of a liquid
ink containing a volatile solvent, which evaporates rapidly after extrusion from a depository nozzle on a
substrate [17]. Typically the ‘green’ structures generated after layer-by-layer or even freeform assembly are
subject to post-processing steps to remove the sacrificial binder and sinter themetallic powders [19]. The ability
to generatemetallic structures without the incorporation of complex tools and high-powered lasers or electron
beams, is whatmakes the SC-3DPmethod especially attractive. Xu et al [17] synthesizedmetallic structures
combiningmetallic inks consisting of poly (lactic acid) (PLA), dichloromethane (DCM), and steel particles.
Othermetallicmaterials synthesized utilizing the SC-3DP include inks containing copper-thermoplastic
organic binding agents [20], 316 L stainless steel-methacrylate-2-hydroxyethyl (HEMA) gelation systems [15] as
well as steel-biodegradable polymers [21]. Despite the simplicity of the SC-3DPmethod, one of themost critical
steps is the debinding or binder-removal step as carbon residues from the organicmedia can influence themetal
sintering process and deteriorate the properties of the final product [19], whichmakes the identification of
appropriate binders indispensable.
Herein, the SC-3DPmethod is extended to two different organic binder-metal pastes using amodified
polymeric printer (MPP) setup, which allowed for facile paste extrusionwith the help of a syringe pump and a
plastic tube connecting thefilament nozzle tip. The formulations comprisedmetallic powders dispersed in
either a semi-solid saturated hydrocarbon paraffin or an alcohol-water-thickening agent based gel. The
debinding behavior of the two formulations is comparedwith commercially availablemetal infused poly (lactic
acid) (PLA) composite filaments. The effect of usingmetallic precursors in the nano ormicron size range is also
analyzed. The effects of thermal post-processing on themicrostructure and composition of the final products
are discussed.
2.Methodology
2.1. Fabrication of 3Dprintedmetal/alloy specimens
2.1.1.Metal-binder formulations
The semi-solid saturated hydrocarbon paraffin, referred to as ‘paraffin’henceforth, was used in a combination
with Ti-6Al-4V (Ti-64) sphericalmetal powder in a gravimetric ratio of 1.4:1 (paraffin: Ti64) for adequate paste
viscosity.
The alcohol-based gel, referred to as ‘gel’henceforth, consisted of 29%deionizedwater, 70% ethanol, and
1% thickening agent (carbomer, glycerine and tri-isopropanolamine) bymass. The gel binder was used along
with nanostructuredNi (<100 nm), Ni (5 μm), andTi (45 μm) powders. Themetal powders weremixedwith
the gel in gravimetric ratios varying from0.3:1 to 1:1. All the aforementioned precursors were procured from
Sigma-Aldrich (St Louis,Missouri, United States). The pastes weremixed using a Flacktek dual asymmetric
speedmixer (Landrum, SC,United States).
Since PLA is a commonly used binder and can be easily acquired commercially, PLA infusedwithmetallic
filler was utilized to compare the debinding effect with the alcohol-based gel and paraffin binders. For
comparative studies - steel-PLA, iron (Fe)-PLA, copper (Cu)-PLA, aswell as the standard PLA, were procured
fromProtoplant, Inc. (Vancouver,WA,United States) and directly used as precursors for the filament 3D
printing process.
2.1.2. 3D printing process
2.1.2.1.Metal-binder printing
For the paste printing process, a computer-aided design stereolithography (STL)file based on the shape and size
of the Tensile Specimen E8 from theAmerican Society of Testing andMaterials (ASTM)was used. The sample
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geometrywas chosen based on themost commondimensions used for testingmetals and alloys in tension. The
G-codefiles were generated from the STL files using the open sourceUltimaker Cura 3Dprinter slicing
application (Ultimaker Corp., Geldermalsen, TheNetherlands). Figure 1(a) depicts a schematic diagramof the
modified polymer printer (MPP) setup - themetal-binder paste formulations were fed into anUltimaker2+ 3D
printer using a plastic tubing that connected the syringe pump (RazelModel R-99) and the nozzle tip. Amovable
stagewas used to adjust the pumpheight and provide facile pasteflowunder gravity. Theflow rates for the
syringe pumpwere kept between 20–40 cc·hr−1. Themost commonparameters used for the printing process
were layer height andwall thicknesses, each of 0.4 mm, and an infill density of 100%with both print and travel
speeds set at 20 mm·s−1. A thin layer of thematerial was deposited onto the build plate to form the outer layer
wall followed by the inner part, as predefined by theG-code. The printer fanwas turned on to dry the layers
during the print process. After printing, the samples were placed in a desiccator overnight at room temperature,
which allowed for any excess solvent evaporation. For theNi–Ti powders, nozzle tips with internal diameter of
1.54 mmwere used. The gel based formulations consisted of loose particles, whichwere thereafter subjected to
thermal treatment. In the case of paraffin, the samples remained as a paste until the heat treatment was
performed.
2.1.2.2. Commercial metal-infused polymer filament printing
To 3Dprint the commercial PLA-metal composites, the same software tools were utilized alongwith 1.75 mm
filaments and a IIIPMonoprice printer (RanchoCucamonga, CA,United States) operating between 200 °C–
Figure 1.Paste printing process: (a) a schematic diagramof themodified polymer printer (MPP) setup (not to scale); (b) and (c)
photographs showing the layer-by-layer 3Dprinting paste process.
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215 °C.No syringe pumpwas used in this case since the rawmaterial was directly fed as the filament. An infill
density of 100%was usedwith the layer height andwall thickness, each set at 0.1 mm.
2.1.3. Thermal processing
TheTi-64-paraffin (1:1.4 gravimetric ratio) paste formulations were heat-treated inN2/O2 (80/20, v/v) or
Ar/O2 (80/20, v/v) from room temperature to 550 °C followed by a hold time of 2 h. The choice of temperature
stemmed from the thermal treatments carried out using simultaneous thermal analysis (STA) on the Ti-64
powders inN2 andN2/O2 atmospheres. The onset temperatures of oxidation andnitridizationwere determined
as∼680 °C and∼850 °C, respectively, and therefore thermal treatment at 550 °Cwas considered appropriate to
remove the paraffin binderwithout oxidizing or nitridizing the samples. Once the binder was removed, the
samples were sintered at 1000 °C in inert atmospheres using a Lindberg BlueM furnace.
The gel binder in theNi–Ti 3Dprinted samples evaporated at room temperature. However, to promote
sintering amongmetallic particulates, the samples were either heated to 1000 °C in inert atmospheres using a
Lindberg BlueM furnace at atmospheric pressure or thermally processed using hot isostatic pressing (HIP) in
inert atmospheres. TheHIP servicewas contractedwith American Isostatic Presses, Inc. (AIP, Columbus, Ohio)
where theAIP 6–45 HHIP systemwas used. The sample formulations wereHIPed at 1000 °C for 3 h using either
20,000 or 25,000 psi. The temperaturewas chosen as 1000 °Cbased on other studies reporting non-additive
manufacturing synthesis routes ofNiTi alloys [22].
The commercialmetal infused PLA samples were printed and then heat treated; the first part of the heat
treatmentwas carried out in air atmosphere in order to burn off the polymeric component, whereas the second
part was completed in argon as an attempt to sinter the remainingmetal. The temperature employed to burn off
the polymerwas 300 °C. The second step of the thermal processing consisted of heating the sample to
intermediate temperatures (530 °C inAr) followed by a 2 h hold time and afinal step of heating to 900 °C inAr
followed by an 8 h hold time.
2.2. Rheologicalmeasurements
In order to determine the viscosity and shear stress behavior of the gel based 3DPpastes, rheological
measurements were carried out on differentmetal-gelmixtures using a BohlinC-VORShear Rheometer. Nano-
aswell asmicron-sizedNi powders were studied in conjunction tomicron-sized Ti powders dispersed in the gel
media. The tests were performed at room temperature over shear rates ranging from0.1 to 1000 s−1 with delay
and integration times of 5 and 60 s, respectively.
2.3.Material characterization
Microstructural characterization on the samples was performed using a scanning electronmicroscope (Zeiss
Neon 40 FE-SEM) equippedwith an x-ray energy dispersive spectroscope (EDS, EDAX). Diffraction studies
were carried out using x-ray diffraction (XRD)with a RigakuMiniflex 600 x-rayDiffractometer withCu-Kα
radiation. Thermal analysis was carried out using aNetzsch STA449 F3 Jupiter simultaneous thermogravimetric
analysis (STA) capable of acquiring both the differential scanning calorimetry (DSC) and thermogravimetric
(TG) data of the samples under investigation. Hardness tests were carried out using a StruersDurascanVickers
Microhardness tester.
3. Results and discussion
3.1. Paraffin-Ti64 formulations
The paraffin binder imposed challenges with effective paste delivery to the printer tubing owing to its high
viscosity (640 poise at 25 °C). The semi-solid nature of the paraffinmade homogeneous dispersion ofmetal
particles very difficult, requiringmultiple cycles in the asymmetricmixer to achieve homogeneity.
The printed and heated samples were very sensitive to the atmospheres that theywere treated in. Figure 2(a)
shows themicrostructure of the Ti-64-paraffin treated underN2/O2; the formulation remained as loose
particles. The EDS analysis of the sample showed that the surface of the particles contained traces of nitrogen,
which could explain the inability of the particles to sinter. The nitridization of titanium is usually expected from
treating Ti containing samples inN2 at high temperatures, where TixNiy is commonly found [23]. Despite the
moderate temperatures (close to 0.4Tm) employed for the thermal treatment and the absence of nitrogen
containing crystalline components (when analyzed byXRD), it is surmised that there was enough nitrogen on
the surface to prevent effectivemass transport between the particles. Small amounts of Al andVwere also
detected fromEDS, which is attributed to themakeup of the Ti-64 alloy.No residues from the paraffin binder
were found, which indicates that a combination ofN2/O2 and the chosen temperatures led to clean debinding of
the paraffin.However, the presence of nitrogenmight affect themechanical properties of the specimen. Similar
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compositions have been reported for samples produced by directmetal laser sinteringmethods [24, 25]. In
contrast, the Ti-64-paraffin sample treated inAr/O2 atmospheres (figure 2(b)) showed the successful generation
of a ‘green’ specimen thatmaintained its shape after the debinding step and did not contain residues. However,
given the complications encountered during themixing and printing steps, other binders with lower viscosities
were investigated for facile sample fabrication.
3.2. Gel/Ni–Ti samples
Asmentioned previously, 99%of the gel employed in the study containedwater and ethanol with the remaining
1%consisting of a carbomer based thickening agent. Carbomers are polymers derived from acrylic acid, and are
commonly used to suspend solids into liquids and control the flow and consistency of pharmaceutical products.
The gel binderwas selected due to its viscosity (10–170 poise at 25 °C) and its ease to evaporate at temperatures
close to ambient conditions, thus avoiding debinding steps at higher temperatures that could promote oxidation
or nitridization of the printed samples.
The samples containing gel andNi nanoparticles suffered a phase separation during the speedmixing
process, resulting influidicmediawith viscosity close to that of water (0.01 poise) and solid components that
precipitated on themixing container. The nanoparticles (initially sought after for their high reactivity)when
mixedwith the gel binder, formed shear thinning substances that complicated the printing process.When force
was applied to the syringe pump, the gel becamemorefluid-like and deposited before themetal particulates,
thereby either clogging the nozzle or producing high inhomogeneous 3Dprinted patterns. In contrast, the gel
mixturesmadewithmicron-sizedNi particles provided adequate viscosity for the 3DPprocess.
The viscosity versus shear rate behavior of the samples containing only gel, gel+Ni (5 μm)+Ti (45 μm),
and gel+Ni (nano)+Ti (45 μm) has been depicted infigure 3(a). All the samples showed an initial steady
decline in the viscosity with increasing shear rates. However, at about a rate of 19 s−1, the viscosity of the sample
containing nickel nanoparticles rapidly decreased from∼10 to∼0.005 Pa·s. Figure 3(b) illustrates shear stress as
a function of the applied shear rate for the same samples. The sample containing onlymicron sized particles
depicted a positive linear trend in the shear stress with increasing shear rates, which corresponds to aNewtonian
fluid behavior. In contrast, the sample containingNi nanoparticles exhibited an initial increase in shear stress
but at a shear rate of 16 s−1, the stress decreased dramatically. Both the viscosity aswell as shear stress behaviors
of themixture containing nano-Niwere similar to those of non-Newtonian fluids. Shear thinning behavior of
nickel nanoparticles inα-terpineol liquids and polymeric surfactants has also been reported in other studies
[26]. Based on the rheological analyses, themicron-sizedNi particles were identified as appropriate precursors
and utilized for the 3Dprinting and thermal processing.
The 3DprintedNiTi samples were sintered at 1000 °Ceither in a tube furnace at atmospheric pressure or
using a hot isostatic press (HIP) at pressures of 20,000 and 25,000 psi. TheNi–Ti sampleHIPed at 25,000 psi
exhibited lower porosity than both the sample treated at atmospheric pressure aswell as the sampleHIPed at
20,000 psi. Vickers hardness of 558±32wasmeasured for the sample treated at 25,000 psi, which is within 10%
of other reports onNi–Ti alloys [27]. The SEMobservations for the 3DprintedNi–Ti sample in the secondary
(SE) and backscattered electron (BSE)modes are shown infigures 4(a) and (b), respectively. Themicrostructure
consisted of alternating dark and light lamellar phases. TheXRD spectra from the printedNi–Ti-gelmixture and
themounted and polishedHIPedNi–Ti sample are shown infigure 4(c). The gel binder evaporated cleanly from
theNi–Timixture without leaving any residual crystalline impurities; the sharp distinct peaks observed in the
diffraction patternwere attributed to theNi (JCPDS card no. 01–078–7533) andTi (JCPDS card no. 01–089–
Figure 2. SEM images of the Ti-64-paraffin samples treated in (a)N2/O2 and (b)Ar/O2.
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4913). For theHIPed andmountedNi–Ti sample, peaks fromNiTi (B2phase - JCPDS card no. 01–076–3614),
NiTi (B19’ phase—JCPDS card no. 01–078–2546) andTi2Ni (JCPDS card no. 00–018–0898)were identified in
addition to the parentNi andTi. The formation of intermetallic compounds such as Ti2Ni, Ni3Ti, Ni4Ti3, and
Ni3Ti2 in addition toNiTi phases has been reportedwith the use ofNi andTi elemental powders [28–34].
The EDX analysis corresponding to the sample region (figure 5(a)) confirmed atomic percentages of 57%Ti
and 43%Ni (figure 5(b)) approximately. Point elemental characterization performed on the darker phase
revealed∼55–58 at%Ti and∼42–45 at%Ni, identified as Ti2Niwhereas the lighter phase comprised 48–50 at%
Ni and 50–52 at%Ti, identified asNiTi [27]. The difference in the contrast between the two phases is attributed
to the higher atomic number ofNi, which is also confirmed from compositional BSD image shown in
figure 4(b). The compositions were near equiatomic indicating the presence of bothNiTi andTi2Ni phases, as
inferred from theNi–Ti phase diagram [28]. The elementalmaps shown infigures 5(c) and (d) confirmed that
the lighter phase (NiTi) corresponded to a strongerNi signal, whereas the darker phase (Ti2Ni) corresponded to
a stronger Ti signal.
Figure 3.Viscosity (a) and shear stress versus shear rates (b) curves for the paste formulations containing pure gel, and gel+Ti
(micron) andNi (nano andmicron).
Figure 4. SEM images of theHIPed 3DprintedNi–Ti samples in the (a) secondary and (b) backscattered electronmodes; (c)XRD
pattern of theNi–Ti powdersmixedwith the gel binder and theHIPed and polished 3DprintedNi–Ti sample.
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As noted by other authors, the annealing temperatures and times can greatly influence themicrostructure,
and thereby affect themechanical and shapememory properties of the resultant alloy [27–34]. The driving force
for the shapememory effect has been linked to a transformation between the austenitic andmartensitic phases
[11]. However, given that the scope of this work is the rawmaterial and conditions necessary to 3Dprint pastes
in order to generateNiTi alloys, the discussion is limited to the fact that the presence of the phases including
NiTi, Ti2Ni and other intermetallics was confirmed by SEMandXRDanalyses.
3.3. 3Dprinted commercialmetal-filled polymer composites
The only challenges encounteredwhile 3Dprinting the commercialmetal-infused PLAfilaments weremostly
related to the printer requiring higher temperatures (215 °Cversus 200 °C for bare PLA), which caused the
polymer to lose viscosity and clog the nozzle occasionally. The printed ‘green’ specimens retained the desired
size and shape after cooling to room temperatures. Figure S1 is available online at stacks.iop.org/MRX/6/
106561/mmedia shows the strain-strain curves of the 3Dprinted tensile bars using themetal-infused PLA
filaments.Thermal treatments were performed on the samples to study the debinding behavior of the polymeric
media and its effect on themetal particulate sintering. Of the different fillers investigated, Cuwas selected to
exemplify themicrostructural features encountered during the experimental steps.Multiple STA experiments
were conducted to determine the optimal temperatures, atmospheres and dwell times needed to remove the
binderwhilemaintaining the chemical composition of eachmetal. Attempts to burn off the polymer using air or
oxygen atmospheres at low temperatures (between 200 °C–400 °C ) in order to convert organic components
intoCO2 andH2O, followed by higher temperature treatments (600 °–1200 °C) in Ar, rendered partially
oxidizedmetal particulates (figure 6(a)). The external layer of themetal particles oxidized, thereby preventing
effective sintering (figure 6(a) inset). Diverse temperature profiles with initial oxidizing atmospheres followed by
inert or reducing atmospheres were tested.However, none of the samples produced a completely reduced
metal/alloy.
4. Conclusions
A simple paste-basedmethod for facile 3Dprinting ofmetallicmaterials utilizing amodified polymeric printer
(MPP)was successfully demonstrated. The technique consisted of layer-by-layermetal-binder paste deposition
Figure 5. SEM (secondary electron) image of the sample regionwhere the EDS analysis was performed; (d) the corresponding EDS
spectrum and quantitative composition; (c) elementalmaps corresponding toNi and (d)Ti.
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based on aCADfile followed by a post-deposition thermal treatment step. The study evaluated three different
precursor formulations including (i)paraffin bindermixedwith Ti64 alloy powders, (ii) alcohol based gel with
Ni (micro and nano-sized) andTi powders aimed to produceNiTi alloys and (iii) commercially availablemetal
infused polymer composites. The polymer and paraffin binders were found to be ineffective as they resulted in
excessive complications during the printing step either due to the binder viscosity or residual unwanted by-
products during the thermal processing and sintering steps. The alcohol-based gel was identified as themost
effectivemedium for the 3DPprocess as it evaporated cleanlywithout altering the sample composition.Micro-
sizedNi particles imparted adequate viscosity for facile 3DPpaste flow in contrast withNi nanoparticles, which
behaved as shear thinning agents. Upon identifying the best suitable gel-Ni–Ti paste formulations, the 3D
printed samples were thermally treated using hot isostatic pressing.Microstructural and x-ray spectroscopic
measurements carried out on the 3DPNi–Ti specimens revealed an average atomic composition in the vicinity
of 43%Ni and 57%Ti, which could be particularly useful for functional properties such as superelasticity and
shapememory effects. The presentedmethod is anticipated to open avenues for alternatives to 3Dprint small
metallic parts when the location or budget constraints cannot accommodate the use of largermetal printing
systems, andwhere the application allows forflexibility in the tolerance ofmechanical properties.
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